Introduction {#S0001}
============

Extracellular vesicles (EV) are a heterogeneous population of bilayered lipid membrane particles secreted from cells into all body fluids \[[1](#CIT0001)\]. They have signalling function leading to long-term changes in cellular behaviour and play important roles in several human diseases including cancer. During tumour progression increased EV secretion and specific loading of tumour promoting factors (proteins, mRNA and miRNA) in tumour-derived EVs have been reported, which primes even remote sites for metastasis formation \[[2](#CIT0002),[3](#CIT0003)\]. Two different types of EVs have been described based on different biogenesis pathways \[[1](#CIT0001)\]: Exosomes (Exo), 50--150 nm small EVs originating from multivesicular bodies (MVBs) and \[[2](#CIT0002)\] Microvesicles (MV), 100--500 nm EVs that stem from the plasma membrane \[[4](#CIT0004)\]. Ceramide is a bioactive sphingolipid involved in many biological functions such as proliferation, apoptosis, differentiation and inflammation \[[5](#CIT0005)\]. In contrast to de novo synthesis of ceramide in the ER, different sphingomyelinases (SMases) hydrolyse the most abundant membrane lipid sphingomyelin (SM) into phosphorylcholine and ceramide and possess acid, alkaline or neutral pH optima. SMPD3 is the most studied neutral SMase (nSMase) and is a membrane-associated enzyme of 71 kDa that is activated by anionic phospholipids such as phosphatidylserine (PS) and phosphatidic acid (PA). SMPD2 was reported to possess both in vitro and in vivo nSMase activity and is localised to the Golgi and ER \[[6](#CIT0006)\]. NSMases are inhibited by GW4869 \[[7](#CIT0007)\], used in many studies in cell culture and in vivo studies. Treatment of cells with GW4869 was able to block induction of apoptosis in cancer cells \[[7](#CIT0007),[8](#CIT0008)\] and to demonstrate involvement of SMPD3 in chemotaxis of neutrophils \[[9](#CIT0009),[10](#CIT0010)\]. In addition, inhibition of nSMases was shown to reduce the secretion of Exos by blocking the ceramide-dependent budding of intraluminal vesicles (ILV) into the lumen of MVBs \[[11](#CIT0011)\].

Here, we report that inhibiting nSMases by GW4869 or RNAi alters the metabolite composition of cells and their EVs and, while blocking Exo release, stimulates the budding of MVs at the plasma membrane.

Results {#S0002}
=======

GW4869 inhibition of nSMases differentially affects EV populations {#S0002-S2001}
------------------------------------------------------------------

GW4869 is a specific inhibitor for nSMases (also known as SMPD2 and 3) and has been shown to inhibit Exo release from cells \[[11](#CIT0011)\]. Therefore, we wanted to test whether this is also true for the biogenesis of MVs pelleting at 14,000 g (P14) in contrast to Exos, usually pelleting at 100,000 g (P100) ([Figure 1(a](#F0001))). Since sedimentation coefficient or size does not necessarily separate EVs according to their subcellular origin, we use the terms P14 and P100 to refer to EVs, which pellet at 14,000 g and 100,000 g, respectively. In accordance with previous studies \[[12](#CIT0012)--[14](#CIT0014)\], nanoparticle tracking analysis (NTA) of P100 confirmed a significant decrease in EV concentrations in several different cell lines (SKBR3, mouse L-cells) upon 16 hours of treatment with GW4869 incubation ([Figure1(b](#F0001))). Surprisingly, we observed a significant increase in the number of EVs in P14 ([Figure 1(c](#F0001))). To confirm these findings, we analysed the P14 by flow cytometry ([Figure 1(d](#F0001))). The size limit of flow cytometry and pelleting efficiency of the 14,000 g centrifugation was tested by comparing the number of particles in the cell culture supernatant before (SN1.5) and after (SN14) 14,000 g centrifugation ([Figure 1(e](#F0001))). We detected only residual EVs in SN14 (less than 4 × 10^3^ particles/30 s measurements) compared to SN1.5 ([Figure 1(e](#F0001))), background levels of particles in PBS and EV-free DMEM were \~0.5 x10^3^ particles ([Figure 1(d](#F0001), lower panels,f)). In accordance with NTA measurements, GW4869 treatment of human SKBR3 breast cancer cells significantly increased secretion of larger EVs ([Figure 1(d](#F0001), upper panels,g)) without affecting cell viability ([Figure 1(h](#F0001))); the same results were observed in murine L-cells (Supplementary Figure 1 a,b). This demonstrates that GW4869 differentially affects the number of EVs sedimenting in P14 and P100.Figure 1.GW4869 inhibition of SMPDs differentially affects EV populations (a) Scheme of EV purification from cell culture supernatant (SN) and respective pellets (P) further studied. (b) NTA measured concentrations of P100-EVs and (c) of P14-EVs. Cells were treated for 16 hours with DMSO or 5 µM GW4869 in EV-free DMEM. Each data point is based on samples analyzed in triplicates from mouse L-cells (left chart) and SKBR3 (right chart). (d) SKBR3-EVs in P14 from DMSO or 5 µM GW4869 cells (upper panels) were measured for 30 seconds by flow cytometry. Purified P14-EVs from SKBR3 cells were used to set the SSC and FSC gates. PBS and EV-free DMEM served as controls (lower panels) (e) Quantification of EVs from SN1.5 compared to SN14 and (f) normal, EV-free DMEM and PBS analyzed for 30 seconds by flow cytometry. (g) Quantification from (d) of EVs normalized to DMSO and (h) cell viability of cells from d. Significance level: \*\*\* \< 0.001, \*\* \<0.01, \* \< 0.05. All experiments were performed at least in biological triplicates.

Size distribution of EVs in P14 and P100 {#S0002-S2002}
----------------------------------------

Next, we asked how inhibition of SMPD2 and SMPD3 affects EV size distribution in both fractions. First, we assessed size distribution of purified EVs in P14 and P100 from untreated cells by electron microscopy. Contrast-stained preparations revealed typical cup-shaped vesicles in both pellets ranging between 50 and 250 nm ([Figure 2(a](#F0002)--[c](#F0002)), Supplementary Figure 1c,d). P100-EVs were more uniformly sized with a main size of 50--100 nm, while P14-EVs were between 50 and 150 nm. Thus, EV in P14 and P100 have an overlap in similar sized vesicles between 100 and 150 nm ([Figure 2(c](#F0002))). NTA measurements confirmed the observed size distribution in SKBR3 ([Figure 2(d](#F0002),[e](#F0002))), L-cells (Supplementary Figure 2a--d) and MDA-MB-231 cells (Supplementary Figure 2e,f). Using NTA we analysed whether GW4869 treatment influences EV secretion in a size-specific way. In P14 of SKBR3 cells, GW4869 especially increased the numbers of larger EVs between 100 and 200 nm ([Figure 2(d](#F0002))), while in P100 it decreased the numbers of smaller EVs with a diameter less than 100 nm ([Figure 2(e](#F0002))). There was some variation in GW4869-induced size shift between different cell lines tested (Supplementary Figure 2), which might depend on the membrane composition of these cells and whether EVs of a size between 100 and 200 nm sediment in P14 or P100. As suggested previously \[[15](#CIT0015)\], this overlap in EV populations and variation between different cell lines has to be taken as a caveat to every EV analysis.Figure 2.Size distribution and proteins markers of EVs in P14 and P100: Electron microscopy of uranyl-acetate contrast-stained preparations from SKBR3 cells (a) P14 (Scale bar = 250 nm) and (b) P100 (Scale bar = 100 nm). (c) Size distribution of EVs from (a) and (b) in P14 (n = 133) and P100 (n = 180). (d) Size distribution of EVs in P14 and (e) P100 from DMSO and GW4869-treated SKBR3 cells as determined by NTA measurements from three independent experiments. Significance level: \*\*\* \< 0.001, \*\* \<0.01, \* \< 0.05. (f) Representative Western Blot of cell extract from SKBR3 cells (CX) and P14 and P100, samples representing equal amounts of proteins were loaded. (n = 3) (g) Heat map of multiplex protein DigiWest analysis of SKBR3 P14 and P100 in biological duplicates. (See Material and Methods).

To determine whether in spite of the overlapping size distribution, these preparations contain detectably different EV populations, we compared the protein expression profile of P14 and P100 by Western blotting ([Figure 2(f](#F0002))). Specific markers for Exo such as Alix, TSG101 and CD81 were found enriched in the P100, while tubulin was mainly detected in P14, similar to the previously described MV marker CD147 \[[16](#CIT0016)\]. Both fractions were positive for Wnt5A ([Figure 2(f](#F0002)) and \[[17](#CIT0017), [18](#CIT0018)\]). In addition, Digiwest \[[19](#CIT0019)\] multiplex Western blotting confirmed a clear separation for several protein markers in both fractions, such as CD147 and GAPDH for MV, and Tsg101, Alix for Exos. Other markers were shared or were more variable between both fractions such as Glypican 3 ([Figure 2(g](#F0002))). These findings demonstrate that while the size of EVs in P14 and P100 overlap to a certain degree, due to sedimentation of some 100--200 nm EVs in both fractions, their protein composition differs according to their origin and separates well enough for some markers.

SMPD2 and 3 regulate the release of P14-EVs {#S0002-S2003}
-------------------------------------------

GW4869 inhibits nSMases (SMPD2 and 3) that localise to different cellular compartments (Golgi, plasma membrane (PM), endosomes \[[6](#CIT0006)\]). In order to exclude that our observations are caused by non-specific effects of GW4869, we tested whether RNAi knockdown of SMPD2 and SMPD3 reproduces the observed effects on EV secretion. NTA of P14 and P100 from the supernatant of SMPD2, SMPD3 or double knockdown cells revealed a significant decrease in particle counts in P100, while in contrast the number of P14-EVs was increased ([Figure 3(a](#F0003),[c](#F0003))). In particular, in siRNA-treated cells the size range of larger EVs (\>100 nm) in P14 and smaller EVs (\<100 nm) in P100 were affected ([Figure 3(b](#F0003),[d](#F0003))), similar to the results observed with GW4869 ([Figure 2(d](#F0002),[e](#F0002))). In confirmation, flow cytometry analysis of double knockdown of SMPD2 and SMPD3 leads to a significant increase of P14-EVs (Supplementary Figure 3a). SiRNA were specific for particular SMPDs (Supplementary Figure 3b) and did not affect viability compared to control siRNA treated cells (Supplementary Figure 3c). In line with the results for the inhibition of nSMases, overexpression of SMPD2 or SMPD3 induced the opposite effect and decreased release of P14-EVs as measured by flow cytometry ([Figure 3(e](#F0003),[f](#F0003))). Taken together, these results recapitulate the effect of GW4869 and demonstrate that nSMases regulate the release of larger P14-EVs.Figure 3.SMPD2 and 3 regulate the release of P14-EVs. Cells treated for 48 hours with siRNA were replated at equal concentrations in EV-free DMEM and EVs purified 24 hours later. Sets of two different siRNAs were used per gene (\#1, \#2) or combinations thereof for SMPD2&3 (\#1, \#2, see Material and Methods) (a) Relative concentration of P14-EVs by NTA quantification (n = 3) and (b) representative size distribution of P14-EVs from three biological replicates. (c) Relative concentration of P100-EVs determined by NTA quantification (n = 3) and (d) representative size distribution of P100-EVs from three biological replicates. Significance level: \*\*\* \< 0.001, \*\* \<0.01, \* \< 0.05. (e) P14-EVs from SMPD2/3 or control transfected Hek293 cells were measured for 30 seconds by flow cytometry and EVs normalized to control. n = 4 (f) Representative Western Blot of cell extract from SMPD2/3 or control transfected Hek293 cells.

Increased P14-EV originate from the plasma membrane {#S0002-S2004}
---------------------------------------------------

To obtain a more mechanistic insight into the role of SMPD2/3 activity in the biogenesis of different EV types, we hypothesised that either SMPD2/3 inhibition leads to an increase in Exo size resulting in their sedimentation at 14,000 g, or alteration of membrane composition by accumulation of SM induces increased budding of EVs from the plasma membrane. Surface-biotinylated SKBR3 cells were incubated with GW4869 or DMSO for 16 hours, then cells and P14-EVs were stained with Streptavidin-FITC and analysed by flow cytometry ([Figure 4(a](#F0004))). This assay distinguishes biotinylated EVs, stemming from the plasma membrane, and unlabelled EVs from intracellular compartments. Overall biotinylated EV concentration increased two-fold in GW4869-P14, while the ratio of biotinylated to unbiotinylated increased from 0.5 to 0.75 in GW4869-P14 ([Figure 4(b](#F0004),[c](#F0004)), Supplementary Figure 4a). Biotin labelling on the cell surface was comparable in DMSO and GW4869-treated samples (Supplementary Figure 4b). To test whether EV secretion from the plasma membrane is an unspecific reaction to GW4869 due to surface accumulation of EV membrane proteins, we used Dynasore to block endocytosis and thereby increase surface localisation of membrane proteins. This had no effect on secretion of biotinylated EVs in P14 ([Figure 4(c](#F0004))). In order to understand how the processing of EVs from the PM is affected by GW4869, we analysed the EV membrane proteins, CD147 and CD9, for their surface level on cells by flow cytometry. DMSO and GW4869 treated cells showed comparable surface staining of these markers after 16 hours, in contrast to Dynasore, which increased CD147 and CD9 surface levels due to impaired endocytosis ([Figure 4(d](#F0004),[e](#F0004)), Supplementary Figure 4c,d). Surprisingly, on P14-EVs GW4869 reduced the surface staining of CD147 ([Figure 4(f](#F0004))), suggesting that an equal amount of CD147 is shed from the surface of DMSO and GW4869 cells, yet distributed on more EVs in the GW4869 condition compared to DMSO or Dynasore. In addition, exosomal marker CD81 was strongly increased on the surface of SKBR3 after two hours of GW4869 treatment ([Figure 4(g](#F0004))). To investigate whether this increased surface level is mechanistically involved in the increased plasma membrane EV shedding, we knocked down CD81 by siRNA and analysed the number of P14-EV upon GW4869 treatment (Supplementary Figure 5a,b). Loss of CD81 did not block GW4869-induced EV release, thereby suggesting that it is not causing these effects. However, after 16 hours of GW4869 treatment the surface levels of CD81 were normalised to control levels and CD81 levels on P14-EV increased ([Figure 4(h](#F0004),i)). Taken together, these results show that GW4869 increases budding of EVs from the plasma membrane, and specifically increases loading onto these EVs of some MV proteins.Figure 4.Increase of EV originates from the plasma membrane. (a) Scheme of biotinylation flow cytometry assay. After biotinylation, cells were treated with DMSO, 5 µM GW4869, 80 µM Dynasore for 16 hours before FACS measurement of stained P14-EVs or cells. (b) Representative fluorescence blot of Streptavidin-FITC labeled P14 measured for 30 seconds. (c) Quantification of biotinylated P14-EVs from DMSO, 5 µM GW4869, 80 µM Dynasore treated cells. Unbiotinylated EVs were used as negative controls, as well as Ig-FITC labeled antibodies. n = 4 (d) Flow cytometry: Cell surface staining of CD147-APC, IgG-APC was used as control staining. (e) Quantification of cell surface staining of CD147-APC n = 3 (f) Quantification of P14 surface staining with CD147-APC n = 3 (g) CD81 and Tsg101 immunofluorescence labeling of SKBR3 cells treated with DMSO or GW4869 for 2 hours. (h) Quantification of cell surface staining and (i) P14-EV surface staining with CD81-FITC from DMSO and 5 µM GW4869 treated cells (16h) n = 3. Significance level: \*\*\* \< 0.001, \*\* \<0.01, \* \< 0.05.

Inhibition of ceramide formation alters export routes of Wnt proteins and metabolite composition of EVs {#S0002-S2005}
-------------------------------------------------------------------------------------------------------

We next wanted to investigate in more detail how GW4869 alters the composition of EVs in P14 and P100. General morphology of EVs in P14 seems unaffected by GW4869 as observed by electron microscopy ([Figure 5(a](#F0005))). Interestingly, the overall protein content of EVs normalised to the cell number remained the same ([Figure 5(b](#F0005))), implying that the increased number of EVs in GW4869 samples carry less protein per EV. GW4869 treatment specifically altered the secretion routes of Wnt proteins, as Wnt5A and Wnt3A were increased in the P14 from GW4869-treated SKBR3 and L-cells, respectively ([Figure 5(c](#F0005),[d](#F0005)), Supplementary Figure 5c,d). Equal numbers of EVs of P14 and P100 were analysed by Western blotting ([Figure 5(d](#F0005))). The distribution of proteins in P14 and P100 is differentially influenced by GW4869: the exosomal marker Tsg101 on EV remained the same upon GW4869 exposure, while Alix, syntenin and CD81 levels were reduced in P100-EVs ([Figure 5(d](#F0005),[e](#F0005))). Digiwest \[[19](#CIT0019)\] multiplex Western blotting showed more protein variability between DMSO and GW4869 P14 ([Figure 5(f](#F0005))). From these results we concluded that SMPD 2/3 inhibition specifically increases the secretion of certain proteins on P14-EVs and that these EVs have lower protein content per EV compared to DMSO P14-EVs. Next we analysed the effect of GW4869 on the composition of lipids and other metabolites of cells and EV. Mass spectrometric analysis was carried out on SKBR3 cells as well as the respective purified P14 and P100 fractions. The various runs were analysed regarding the *m/z*, retention time as well as the intensities and the isotopic patterns of the peaks.Figure 5.Inhibition of ceramide formation alters cargo and metabolite composition of EV. (a) Electron microscopy of uranyl-acetate contrast-stained P14 preparations from DMSO- or GW4869-treated SKBR3 cells. Scale bar = 250 nm. (b) Total protein concentration of P14 and P100 samples. (n = 3) (c) densitometric quantification of Wnt5A from Supplementary Fig.5d. n = 3 (d) Western Blot analysis of equal amounts of P14 and P100 EV preparations and (e) densitometric quantification of Hsc70, CD81, CD147, Tsg101, Alix and syntenin n \> 3. (f) Heat map of multiplex protein DigiWest analysis of SKBR3 P14 from DMSO or GW4869 treated cells in biological duplicates. (g-k) MS analysis of the abundance of ceramides of sphingomyelins in DMSO/GW4869-treated SKBR3 cells and P14-EV: (g) Unsaturated ceramides identified via their specific fragment ion 262.25 m/z, (h) saturated ceramides (fragment ion 264,26 m/z), (i) sphingomyelins (fragment ion 184,07), (j) Standardized normalized abundance of sphingomyelin in DMSO and GW4869 P14-EV (k) Principal component analysis of the whole dataset of metabolites from SKBR3 P14-and P100-EVs showing one representative of three identical experiments. The tightly clustered colored spots represent the four technical replicates of each EV subgroup: blue = P14 DMSO, purple = P14 + GW4869, orange = P100 DMSO, green = P100 + GW4869). Grey numbers indicate the metabolites. The metabolite marked in red as an example corresponds to the sphingomyelin with retention time 9.87 and m/z 765.5473. Significance level: \*\*\* \< 0.001, \*\* \<0.01, \* \< 0.05.

Since inhibition of nSMases by GW4869 antagonises the generation of ceramides from sphingomyelins, we were first interested in whether GW4869 would specifically alter the levels of these metabolites into the expected direction. This was analysed in SKBR3 cell lysates. Unsaturated as well as saturated ceramides were identified based on their characteristic fragment ions (*m/z* 262.25 and 264.26, respectively). There was a significant decrease in the amount of these ceramides upon GW4869 treatment ([Figure 5(g](#F0005),h)). This was accompanied by a slight increase of sphingomyelins (fragment ion *m/z* 184.07) in the cells, still more pronounced and statistically significant in the corresponding P14 vesicles ([Figure 5(i](#F0005),j)). In P100 there were no significant differences. Comparable results were achieved in L-cells (Supplementary Figure 5e,f). As a next step, we investigated the metabolite composition in SKBR3 P14 and P100. Principal component analysis (PCA) was performed on the whole dataset generated with the amide column to visualise the underlying data structure. The four investigated populations, P14 as well as P100, each ± GW4869, clustered separately. This indicated a clear difference both between DMSO and corresponding GW4869-treated EVs, as well as between P14 and P100 ([Figure 5(k](#F0005))). In contrast, the respective four technical replicates within the four vesicle groups clustered tightly together, underlining the consistency of the runs.

Thus, both preparations contained EVs with a distinct metabolite profile and confirmed our previous findings that they represent two different EV populations, yet it indicates that treatment of cells with GW4869 differentially affects the protein and metabolite composition of these two EV populations.

Discussion {#S0003}
==========

Lipid metabolism has been implicated in the dynamics of EV secretion \[[11](#CIT0011),[20](#CIT0020),[21](#CIT0021)\] although it is not fully clear how tightly lipids and EV subpopulations are interconnected. In this study we set out to determine the effects of nSMases on generation of larger EVs, such as MVs. We show that SMPD2 and SMPD3 differentially control the secretion of EVs. Using pharmacological and RNAi inhibition we found an increase in P14/MV compared to a reduction in P100/Exo secretion, while overexpression of SMPD2 or SMPD3 reduced plasma membrane P14-EV shedding.

Since differential centrifugation separates particles only according to their sedimentation coefficient, which can be altered for EVs by the lipid or protein composition, we categorised our samples according to the centrifugal force that was applied to purify them rather than calling them MVs and Exos. Several studies have recently defined more specific subpopulations of EVs by differential centrifugation, buoyant density and surface protein markers \[[22](#CIT0022),[23](#CIT0023)\]. Interestingly, separation of medium and small EVs of similar buoyant density was possible by a previous differential centrifugation at 10,000 g and 100,000 g, while protein marker analysis revealed that only a portion of small EV pelleting at 100,000 g is endosomes derived \[[22](#CIT0022)\].

Based on our characterisation of size and protein content of both fractions under normal conditions we assumed that the majority of MVs and Exos are found in P14 and P100, respectively. Our experiments confirmed previously established knowledge about the ceramide-dependent Exo release \[[11](#CIT0011),[24](#CIT0024)\] as shown by a drastic reduction in P100 upon small molecule inhibition of SMPD2/3. Surprisingly, GW4869 significantly increased the number of particles, which pelleted at 14,000 g, pinpointing to opposing effects of nSMase inhibition at different subcellular membranes and on different EV subpopulations. Accurate measurements of the heterogenous and polydispersed P14 samples by NTA are challenging \[[25](#CIT0025)\] and although NTA suggested that the P14 population affected by GW treatment has a size of around 100--200 nm, and therefore is close to the size of P100, we were able to confirm the effect of GW4869 by flow cytometry. Since flow cytometers can only measure particles with a size \>200--300 nm, this indicates that also the secretion of larger EVs is affected.

Overexpression of SMPD2/3 and knockdown with siRNAs confirmed that nSmases regulate P14-EV release, showing that our results are not affected by small molecule-associated artefacts. A possible alternative explanation would be that lack of ceramide might render Exos heavier or larger causing them to pellet at lower centrifugal forces. This was refuted by biotinylation-based FACS measurements of P14 samples, which show that the increase of particles in P14 originated from the PM and thus are not related to MVB-derived Exos. Importantly, Exos vastly outnumber MVs, therefore a two-fold decrease in Exos and a two-fold increase in MVs result in a decreased number of total EVs, which further counteracts the idea of Exos becoming heavier and pelleting early.

Importantly, our results confirm that P14 and P100 EVs are distinct in their metabolite composition and that inhibition of SMPD2/3 results in the expected lipid changes. Namely, the levels of ceramides decrease in the presence of GW4869, whereas SM levels are increased in cells as well as MVs. This raises the question whether lack of SM hydrolysis at the plasma membrane is directly involved in the increased release of MVs or indirectly by triggering binding of other lipid-modifying enzymes and what mechanistically explains the different effects of GW4869 on PM and MVBs. Spontaneous curvature of the membrane depends on its major components \[[26](#CIT0026)\] and coupling of inner and outer lipid leaflets hinders membrane curvature and vesicle formation \[[27](#CIT0027)\]. Simulation of lipid leaflet coupling in asymmetric bilayers revealed that SM-induced coupling was stronger in the absence of cholesterol \[[28](#CIT0028)\]. It is conceivable that the different effects of SMPD2/3 inhibition observed at MVB compared to the plasma membrane depend on the different cholesterol concentrations in these membranes \[[29](#CIT0029)\]. Possibly, excess of SM in the cytoplasmic membrane leaflet might stimulate membrane curvature and vesicle formation at higher cholesterol levels at the plasma membrane, while it might be blocked at MVB membranes with lower cholesterol levels. Interestingly, electron microscopy of MCF-7 cells treated with 10 µM GW4869 did not show any obvious changes in plasma membrane morphology \[[7](#CIT0007)\], suggesting that increased EV shedding is not caused by loss of integrity or profound structural changes of the plasma membrane. However, detailed studies of membrane dynamics and lipid kinetics would be required to elucidate the underlying mechanism of increased EV release upon nSMase inhibition.

In a previous study it was shown that stimulation of the ionotropic ATP receptor P2X~7~ (P2X~7~R) activates aSMase and enhances MV shedding from the plasma membrane \[[30](#CIT0030)\]. Although our data seem contradictory since aSMase and nSMases catalyse the same reaction, that study focuses on the acute effects of ATP stimulation on short-term MV release (20 min after P2X~7~R activation) in glial cells, while our observations were made under basal conditions in non-stimulated epithelial cells after several hours of GW4869 treatment. Since we observed an increase in cellular, and especially P14 sphingomyelin levels with an accordingly significant decrease in ceramide levels, we have thus no evidence for a compensatory activation of the aSMase during GW4869 treatment in our epithelial cells, while the MV shedding described by Bianco et al. did not respond to GW4869 because it is specific for nSMases. While catalysing the same reaction of SM to ceramide, aSMase activity is present at the outer leaflet of the plasma membrane while nSMases are present at the cytoplasmic leaflet. Thus, the hydrolysis of SM to ceramide could lead to more or less EV released depending on the leaflet that is curved by SM to ceramide conversion. This fits with our observation that overexpression of nSMases leads to less and RNAi knockdown to more EVs secreted from the plasma membrane ([Figure 4(e](#F0004),[f](#F0004))).

These findings demonstrate hitherto unidentified effects of SMPD2/3 inhibition in human and mouse cells and are of high importance, especially since the use of GW4869 is a common practice in the field of EV research. Although selective inhibition of these enzymes is applied to block Exo release, our results show that cells respond by significantly increasing their MV release from the plasma membrane. However, only sorting of specific proteins onto plasma membrane-derived EVs is affected. This raises the question how nSMases mechanistically regulate EV budding and favour secretion of Wnts on P14-EVs. A previous study demonstrated that knockdown of *Drosophila*'s only ceramide synthase, and thereby a decrease in ceramide levels, impairs endocytic trafficking of Wingless \[[31](#CIT0031)\]. One possibility is that this defect might increase levels of Wnt at the plasma membrane where Wnts are found to be associated with lipid rafts \[[32](#CIT0032)\], specialised regions where viral and also MV budding can occur \[[33](#CIT0033),[34](#CIT0034)\]. Sphingomyelin is known to cluster in lipid rafts and our results suggest that sphingomyelinases might be able to regulate EV budding from these rafts which could favour segregation of raft-associated proteins, such as Wnts, onto shedded EV. Several studies have shown that tetraspanins are important for the biogenesis and cargo selection of EVs \[[35](#CIT0035)\] and we also observed an obvious increase of CD81 on the cell surface after two hours of treatment with GW4869. Although CD81 has been suggested to regulate outward curvature of the cell membrane \[[36](#CIT0036)\], knockout of CD81 did not affect the size or number of Exos released in primary lymphoblast cultures \[[37](#CIT0037)\] and we also did not detect an effect of CD81 knockdown on the GW4869-induced EV budding; however, CD81 is a protein affected by GW4869 treatment and its release on EV is increased upon SMPD2/3 inhibition similar to Wnts ([Figure 4(h](#F0004),i)).

In summary, we describe a novel connection between ceramide generation and EV biogenesis, where inhibition of Exo release by deactivating SMPD2/3 causes an enhanced secretion of MVs. Although these vesicles are the two most heavily studied subpopulations of EVs, their ceramide-driven interplay has not been reported before. Recent studies revealed that EV populations are heterogeneous and that more refined purification schemes are necessary to unravel their differences in size and sedimentation properties \[[38](#CIT0038)\]. This is underlined by our data indicating that the plasma membrane-derived P14 and P100 represent distinct populations regarding their protein and metabolite composition. Despite these differences, specific proteins, such as Wnts and CD81, are present on both vesicle types and their secretion onto P14-EV is favoured by inhibition of SMPD2/3. More experiments need to be conducted to elucidate whether this cargo shift is a general phenomenon and how the release of MVs and Exo is interconnected. Deregulated SMPD2/3 activity could thus shift the secretion of cargo from Exos to larger vesicles or vice versa.

Methods {#S0004}
=======

Purification of MVs and Exos {#S0004-S2001}
----------------------------

MVs and Exos were isolated from fresh cell culture supernatant by differential centrifugation \[[39](#CIT0039)\] ([Figure 1(a](#F0001))). In brief, after two steps at 750 and 1500 g to pellet cells and debris, the supernatant (SN) was centrifuged at 14,000 g for 35 min and the pellet (P14) washed in PBS. SN14 was centrifuged at 100,000 g for two hours and the pellet (P100) washed in PBS. EV concentration in SN1.5 or P14 and P100 were in general normalized to cell number. For example, the supernatant of 1 × 10^6^ cells was used for EV purification and concentration of P14 and P100 (resuspended in 100 μl PBS and stored short-term at −20°C) as measured by NTA or flow cytometry.

Cell culture {#S0004-S2002}
------------

MDA-MB-231, SKBR3 and mouse L-(parental, Wnt3A or Wnt5A) cells were maintained in DMEM (Gibco) supplemented with 10% foetal calf serum (FCS, Biochrom) at 37°C in a humidified atmosphere with 5% CO~2~. Human cells were treated with DMSO or 5µM GW4869 (Sigma) for 16--24 hours in EV-free DMEM. Ev-free DMEM was obtained by ultracentrifugation of FCS diluted to 40% in DMEM at 4°C overnight at 100,000 g. The supernatant was then further diluted to 5% FCS with DMEM.

siRNA treatment and plasmid transfection {#S0004-S2003}
----------------------------------------

Human cells were transiently transfected with Screenfect siRNA (Incella) according to the manufacturer's instructions. Cells were treated for 48 hours with siRNA, and then replated at equal concentrations in EV-free DMEM and EVs purified 24 hours later. Dharmacon siRNA SMARTpools were used for SMPD2 (6610) and SMPD3 (.55512), CD81 (975) and GL3 (D-001400-01-20). Combinations of siRNA used in the double knockdown experiments were:

\#1: SMPD2\#1+ SMPD3\#1 or SMPD2\#1+ SMPD3\#2

\#2: SMPD2\#1+ SMPD3\#2 or SMPD2\#2+ SMPD3\#2GenesiRNA SequenceSMPD2 (6610)\#1 5^′^-GCAGAGAGGUCGCCGUUGA-3^′^5^′^-GGAGGUCAAUGGCUUAUAU-3^′^\#2 5^′^-CAAGGCAGUUUCUGGGUUU-3^′^5^′^-UGAAACCACUACAGGCUUU-3^′^SMPD3 (55512)\#1 5^′^-CAACAGCGGCCUCCUCUUU-3^′^5^′^-CAAGCGAGCAGCCACCAAA-3^′^\#2 5^′^-ACCAAAGAAUCGUCGGGUA-3^′^5^′^-CGAACGGCCUGUACGAUGA-3^′^CD81 (975)\#1 5^′^-CCAAGGAUGUGAAGCAGUU-3^′^5^′^-GCCCAACACCUUCUAUGUA-3^′^\#2 5^′^-UCAGCAACCUCUUVCAAGGA-3^′^5^′^-CCACCAACCUCCUGUAUCU-3^′^

Human Hek293 cells were transiently transfected with 1 µg SMPD2-myc and/or SMPD3-flag (C-Terminal myc- and flag destination plasmids (DKFZ -- Genomics and Proteomics Core Facility)) and Screenfect A (Incella) according to the manufacturer's instructions.

Quantitative real-time PCR with reverse transcription {#S0004-S2004}
-----------------------------------------------------

Total RNA was extracted using an RNeasy extraction kit (Qiagen) according to the manufacturer's instructions. Reverse transcription and quantitative PCR were carried out with 25 ng complementary DNA and LightCycler 480 Probes Master as described (Roche). Relative mRNA expression was calculated as a fold change versus control. Human primers were used against SMPD1, SMDP2, SMPD3, SMPD4 and GAPDH (human Universal Probe Library). Human quantitative PCR primers with probe number from Universal Probe Library.

Sequence information:GeneProbeSequence:SMPD1\#27F_ctatgaagcgatggccaag, R_tggggaaagagcatagaaccSMPD2\#3F_acttctccctgcgactgc, R_gtgcttgctcaagtacggaatSMPD3\#68F_cgtcgtctgtggagatttca, R_ggtgaacagggagtgttgctSMPD4\#26F_ggccattttcaactctccac, R_gctgtgcaaagggcttatttGAPDH\#60F_agccacatcgctcagacac, R_agccacatcgctcagacac

Antibodies {#S0004-S2005}
----------

Goat anti-Alix (1:1000, St.Cruz), rabbit anti-CD147 (1:1000, \#sc-13976, St.Cruz), mouse anti-GAPDH (1:2000, CB1001, Millipore) mouse anti-hsc70 (1:1000, St.Cruz), rabbit anti-SMPD2 (1:1000, HPA018125, Sigma Prestige), rabbit anti-SMPD3 (1:1000, \#sc-67305, St.Cruz), rabbit anti-Tsg101 (1:1000, Sigma Prestige or 1:1000, \#sc-7964, St. Cruz for Western blots), rabbit anti-syntenin (1:2000, Abcam \#133267), mouse anti-Tubulin (1:5000, \#05--829, Millipore), rat anti-Wnt5A (1:2000, \#MAB645, R&D), mouse anti-CD81 and CD81-FITC (WB: 1:1000, FACS: 1:500 Biolegends), mouse anti-CD9-APC, mouse anti-CD147-APC, Streptavidin-FITC, mouse IgG-FITC, IgG-APC (all 1: 500, Immunotools), secondary rat, rabbit and mouse HRP (1:5000, \#sc-2004, \#sc-2005, \#sc-2006, St.Cruz).

Flow cytometry {#S0004-S2006}
--------------

Cells were cultivated in EV-free DMEM and inhibitors overnight, then supernatant was harvested and EVs purified by differential centrifugation, SN1.5 or P14 were stained with appropriate antibodies and measured at the FACS BD Canto II for 30 seconds at FSC 291 V and SSC 413 V, FITC 524 V and APC 616 V. Cells were trypsinized and stained with appropriate antibodies and measured at the FACS BD Canto II for 10,000 events at FSC 220 V and SSC 407 V, FITC 341 V and APC 450 V.

Nanosight measurements {#S0004-S2007}
----------------------

Nanoparticle tracking (NTA) experiments were performed using a Nanosight LM10 (Malvern) instrument. P14 and P100 samples were diluted between 8- and 100-fold in PBS to obtain the optimal measurement concentrations of 5--15\*10^8^ particles/ml. We used consistent settings with 30 seconds of measurement time at medium polydispersity and reproducibility under a level of illumination of 15 (LM10 software) and measured 400 µl three consecutive rounds of 30 seconds. For P100 and P14 particles up to 500 nm and 1000 nm were used in calculations, respectively, and the rest of the registered particles (\<1% in all cases) were taken out. EV concentration was calculated by using and size bin analysis performed by using 10 bins of 50 nm each until 90% of all EVs were covered. P14 of the same samples were also measured via FACS using antibodies against CD147 and CD9.

Western blotting {#S0004-S2008}
----------------

Cells were scraped in RIPA lysis buffer (150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 50nM Tris, pH 7.2) plus Roche complete protease inhibitor. After centrifugation at 16,000x *g* for 10 minutes at 4°C, samples were mixed with SDS-6x sample buffer and loaded on SDS-PAGE gel, transferred to nitrocellulose membranes, and immunoblotted with primary antibodies followed by HRP-conjugated secondary antibodies and detected with ECLPrime (GE Healthcare Life sciences) on the LAS-4000 imaging system (Fujifilm). Densitometric quantification was performed with the ImageJ software version 1.48. Ponceau staining or GAPDH was used as loading control.

Digiwest analysis {#S0004-S2009}
-----------------

For high content Western analysis, the DigiWest procedure was performed as described in \[[19](#CIT0019)\]. In brief, extracellular vesicle protein extracts (13.8 μg per sample) were separated using 4--12% Bis-Tris gels (Life Technologies^TM^) according to the manufacturer's instructions and blotted onto PVDF membranes (Millipore) under standard conditions. Proteins immobilised on the blotting membrane were biotinylated (NHS-PEG12-Biotin, Thermo Scientific) and individual sample lanes were cut into 96 strips each (height 0.5 mm each, strip width 7.5 mm). Form each individual strip, protein was eluted in a 96 well and subsequently transferred to a specific colour-coded Neutravidin-coated Luminex bead set (20,000 beads/well) assigning one particular colour to specific membrane strip during overnight incubation. In total 384 different colours were used (4x96 strips). After incubation, the Luminex beads were pooled, washed and transferred into storage buffer. For antibody incubation, an aliquot of the bead pool was transferred into an assay plate and 30 μl of diluted Western blot antibody in assay buffer was added per well; 77 antibody incubations on four samples were performed over night at 4°C. For read-out, beads were washed twice with PBST before species-specific PE-labelled secondary antibody (Jackson) were added in 30 μl of assay buffer for one hour. After washing in PBST signal was generated in a FlexMAP 3D instrument (Luminex).

*Data analysis*. Data generated by the Luminex instrument were analysed using a dedicated analysis tool that visualises the fluorescent signals as bar graphs and identifies antibody specific peaks. Each graph is composed of the 96 values derived from the 96 molecular weight fractions obtained after antibody incubation. The software tool identifies specific peaks and a molecular weight is assigned to each of the 96 fractions. After background correction, specific signal intensities are calculated as the integral of the identified peak.

Electron microscopy {#S0004-S2010}
-------------------

Purified EVs were left to settle on carbon-coated grids. After staining with 3% uranyl acetate, grids were air-dried and visualised at 30,000x using a transmission electron microscope (Zeiss EM900). Representative images from three biological replicates of P14 and P100 from DMSO or GW4869 treated SKBR3 cells were obtained. Particle size was determined compared to a size marker in Fiji.

Mass spectrometry {#S0004-S2011}
-----------------

The UPLC-MS analysis was performed on an Acquity UPLC® I-Class (Waters, MA, USA) coupled to a Xevo G2S (Waters, MA USA) equipped with an electrospray ionisation (ESI) ion source. The chromatographic separation of the samples was performed on an Acquity UPLC® BEH Amide 1.7 µm 2.1 x 100 mm Column (Waters). The compositions of the mobile phase A and B were 20 mM ammonium formate, 0.1% formic acid, 5% acetonitrile (A) and acetonitrile (B); 2 µl of the sample was injected. Phase B was initially at 95%, then linearly decreased to 35% over 50 minutes and maintained at 35% for five minutes with the flow rate 0.1 ml/min. The column was equilibrated for five minutes and the column temperature was set to 35 °C. All compounds were analysed in a positive ion polarity mode with capillary voltage of 3.0 kV and source temperature of 120 °C. The mass range was set from *m/z* 50 to 1200. For each setting, 3--4 technical and 3 biological replicates were performed. Alignment of the spectra and peak picking were processed using the Progenesis QI software (Non-linear Dynamics, UK) and the remaining ions were used for further data processing. To visualise the structure of the dataset principal component analysis (PCA) was performed.

Immunofluorescence/confocal microscopy {#S0004-S2012}
--------------------------------------

Cells were fixed with 4% paraformaldehyde in PBS for 10 minutes, permeabilized with 0.1% Triton X-100 in PBS for five minutes, blocked 30 minutes with 5% BSA in PBS before incubation with primary antibodies, followed by Alexa Fluor-conjugated 488, 568 and 647 secondary antibodies (Invitrogen) and DAPI. Samples were analysed with a Zeiss LSM780 and images processes with Fiji.

Statistical analysis {#S0004-S2013}
--------------------

All experiments were carried out at least in biological triplicates. Statistical significance was calculated by Student's *t* -test.
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